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ABSTRACT

The effectiveness of techniques for creating "bogus" vortices in numerical simulations of

hurricanes is examined by using the Penn State/NCAR nonhydrostatic mesoscale model (MM5)

and its adjoint system. A series of four-dimensional variational data assimilation (4-D VAR)

experiments is conducted to generate an initial vortex for Hurricane Georges (1998) in the

Atlantic Ocean by assimilating bogus sea-level pressure and surface wind information into the

mesoscale numerical model. Several different strategies are tested for improving the vortex

representation.

The initial vortices produced by the 4-D VAR technique are able to reproduce many of

the structural features of mature hurricanes. The vortices also result in significant improvements

to the hurricane forecasts in terms of both intensity and track. In particular, with assimilation of

only bogus sea-level pressure information, the response in the wind field is contained largely

within the divergent component, with strong convergence leading to strong upward motion near

the center. Although the intensity of the initial vortex seems to be well represented, a dramatic

spin down of the storm occurs within the first 6 h of the forecast. With assimilation of bogus

surface wind data only, an expected dominance of the rotational component of the wind field is

generated, but the minimum pressure is adjusted inadequately compared to the actual hurricane

minimum pressure. Only when both the bogus surface pressure and wind information are

assimilated together does the model produce a vortex that represents the actual intensity of the

hurricane and results in significant improvements to forecasts of both hurricane intensity and

track.

When the scale of the specified bogus vortex is smaller than that which can be resolved



by themodel,the assimilationmethodmay result in structuresthat do not completelyresemble

observedstructuresin hurricanes.An exampleis thevertical motion field, which for a smaller-

scalevortex, tendsto be characterizedby upward motion at the centerof the hurricane.An

additional numericalexperimentindicatesthat a relatively larger vortex size assignmentthat

allows for improved resolution of the vortex on a mesoscalegrid leadsto a more realistic

depiction of the vertical motion field and to significant improvementof the hurricanetrack

forecast.

Finally, the bogusing methodologyis further evaluatedby applying it to Hurricane

Bonnie (1998) just prior to its rapid intensification.The bogusvortex improvesthe track and

intensityforecastsfor Bonnie,but is notquite ableto capturethecorrectrateof deepening.These

resultsstresstheneedto incorporateadditionalinformationfrom satellitesandaircraft.
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1. Introduction

Forecasts of track and intensity changes for mature hurricanes require accurate

representation of the hurricane vortex in model initial conditions. Vortices contained in large-

scale analyses from operational centers are often too weak and sometimes misplaced and

observations in the vicinity of the hurricane are usually sparse. In order to improve the storm

representation, the use of so-called "bogus vortices" is often adopted (Lord 1991; Kurihara et al.

1990; Leslie and Holland 1995). A bogus vortex is an artificial vortex generated by knowledge of

an empirically realistic vortex. It is usually specified based on the size of the cyclone (the radius

of maximum winds), its position, and its intensity (the maximum velocity or minimum sea-level

pressure). Traditionally, such bogus vortices have been directly implanted into the larger-scale

environment. Many successful simulations, including prediction of hurricane movement and

structure, have been conducted using bogus vortices for hurricane model initialization (e.g.,

Kurihara et al. 1990; Lord 1991; Trinh and Krishnamuti 1992). However, an important and

unsolved issue in such an approach is consistency of the vortex with the properties of the

prediction model. The initial moisture field, which can affect the intensity change of the vortex,

has been especially difficult to specify in a realistic yet model-consistent manner (Iwasaki et al.

1987; Mathur 1991).

A more advanced scheme has been proposed by Kurihara et al. (1993) at the Geophysical

Fluid Dynamics Laboratory (GFDL) to overcome such defects. The main strategy of their

scheme is to replace the poorly resolved vortex from a coarse-resolution analysis with a more

realistic vortex that is constructed to match better the high-resolution hurricane prediction model.
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Theyapply two spatialfilters to removethepoorly resolvedvortexfrom thelarge-scaleanalysis.

The specifiedvortex to beplacedin theenvironmentalfield consistsof a symmetricvortex and

an asymmetricflow. The symmetriccomponentis generatedfrom a time integration of an

axisymmetric version of the hurricane prediction model, with an observationally derived

constraint imposed on the tangential flow. The generated symmetric wind is used in the

computation of the asymmetric component using a simplified barotropic vorticity equation, thus

providing consistent symmetric and asymmetric components. The mass field is then recomputed

using a static initialization method in which the generated wind field is not modified. This

technique, proposed by Kurihara et al. (1993), ensures the following desirable conditions: 1) a

smooth transition between the environmental field and the storm area; 2) compatibility of the

specified vortex to the resolution and physics of the prediction model; 3) structural consistency

of the generated vortex in the fields of wind, temperature, surface pressure, and moisture; and 4)

the incorporation of realistic features in the tangential flow of the vortex. As anticipated, the

method shows a substantial improvement in the track prediction (Bender et al. 1993). The

success of this technique indicates the importance of having a dynamically and

thermodynamically consistent initial vortex that is compatible with the resolution and physics of

the hurricane prediction model.

As a natural extension of the GFDL's initialization method, Zou and Xiao (2000) have

proposed a new approach to improve the initial vortex by using a four-dimensional variational

data assimilation technique (4-D VAR). The method requires two steps: 1) Specification of a

bogus vortex by defining the position, radius of maximum wind and minimum sea-level pressure

of the initial vortex, and prescribing a symmetric sea-level pressure distribution over the vortex
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region; 2) assumingthat the time tendencyof sea-levelpressureis nearzero in a short time

period and then assimilating the specified bogus sea-level pressure field into the numerical model

within a 30-minute assimilation window. They show very encouraging results for Hurricane

Felix (1995).

The advantages of using the 4-D VAR technique to generate the bogus vortex are as

follows. First, the 4-D VAR technique uses the actual forecast model rather than a simplified

model (e.g., an axisymmetric model) to provide a strong dynamical constraint during the bogus

data assimilation. Observational data, bogus information and model dynamics are combined in

one system. The assimilation results not only fit the data but also are consistent with the model

resolution and physics. Second, the 4-D VAR technique allows all model variables to be adjusted

freely during the assimilation period. Finally, the 30-min assimilation window allows the initially

symmetric vortex to develop asymmetric structure.

Since the 4-D VAR method shows promise for vortex initialization, this study explores

the effectiveness of the bogusing technique of Zou and Xiao (2000) for the case of Hurricane

Georges (1998) and examines the sensitivity of the results to vortex size and the type of bogus

information (pressure, wind). Considering the large computational expense required for 4-D

VAR data assimilation, the experiments are performed at relatively coarse horizontal grid

resolution in this study.

Brief descriptions of the methodology and model are described in section 2, and a

summary of Hurricane Georges is given in section 3. Evaluation of model sensitivity to the

bogus vortex scheme is given in section 4. The impacts of vortex size on the initialization and

forecast are investigated in section 5. To demonstrate the effectiveness of the methodology in the
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caseof a rapidly deepeningstorm, the bogusingtechniqueis appliedto the caseof Hurricane

Bonnie(1998)in section6. A summaryis givenin section7.

2. A variational bogus vortex scheme

Following Zou and Xiao (2000), the bogus vortex scheme consists of two steps: 1) Bogus

vortex data specification and 2) 4-D VAR assimilation of the bogus data.

a. Vortex Specification

The bogus "observations" for the specified initial vortex consist of values of sea-level

pressure and wind speed and direction over a circular region with a radius R. The vortex is

assumed to be axisymmetric. The surface pressure field is specified based upon the radius of

maximum wind in the cyclone, the position of the hurricane center, and central pressure. In

general, the distribution of bogus sea-level pressure data can be generated by empirical functions

such as the formulas of Fujita's or others (Holland 1980; Anthes, 1982). In this study, the

hurricane sea-level pressure is specified following the analytic model proposed by Holland

(1980).

According to Holland (1980), the sea-level pressure, p_O,°_,at radius r (0-<r-<R) is defined

by the following relationship

pb°g"_(r)=p_ + (p. -- p¢)exp(-A/r"), (1)

where p,. the central sea-level pressure and p, the ambient pressure (theoretically at infinite

radius; however, in practice, the value of the first anticyclonically curved isobar is used). The
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scalingparametersA and B are defined by maximum wind information as follows. Using the

gradient balance relationship and Eq. (1), the wind profile is

vgb°_' (r)= [AB(p,- Pc )exp(-A/r")/pr a + r2f2/4I"- rf/2
(2)

vboguswhere g is the gradient surface wind at radius r, f is the Coriolis parameter, and P the air

-3

density (assumed constant at 1.15 g m ). In the region of maximum winds, the Coriolis force is

small in comparison to the pressure gradient and centrifugal forces and the air is in cyclostrophic

balance. These winds are given by

V b°_ (r) = [AB(p. - Pc )exp(-A/r 8 )/pr B12 (3)

By settingdVg/dr = 0, the radius of maximum winds is R,, = A qB and substitution back into (3)

gives the maximum wind speed, V = C(p, - Pc)'2, where C = (B/pe) _2 and e is the base of

natural logarithms. Specification of I'm and R,, then provides values of A and B for Eqs. (1-2).

A vertical profile is assumed for the wind information in order to extend the information

to higher levels. Following Kurihara et al. (1993), the vertical structure of the wind is specified

by an empirical function F(cr) as follows:

v b°g"(r, cr)=F(cr)Vh"g'8(r) (4)

where o" denotes the vertical level. The numerical values of F(cr) can be modified according to

the storm depth (Kurihara et al. 1993). Further details are given in Section 4.



b. Variational assimilation of the bogus vortex data

The bogus distributions of pressure and wind are introduced into the 4-D VAR

assimilation system within a 30 min assimilation window. The cost function to be minimized is

written as follows:

J= 2J, +Jb (5)
k=|,m

where J_ is the background error covariance term and Jk is the contribution to the cost function

from a certain type of data. The subscript k denotes the type of data and m is the total number of

available data types. For example, the contribution from bogus sea-level pressure and wind

information can be described as follows:

= _ -p ),
t r i,]_ R

(6)

J2=_-_ Z (V-V_°g_S(r'cr)_Wv(V-V_ gu_(r'¢y)), (7)
t r (r,G)_R

where p and V are the analysis variables, p_gU_ and Vb°_u_are the bogus vortex data, z" and

r _ (0,A) are the observation times, while A is the length of assimilation window. Wp and Wv are

weighting factors that depend on the assumed statistical error characteristics of the bogus data.

In this study, Jb is a simple background term measuring the distance between the model

state and the MM5 analysis based on the large-scale ECMWF analysis. Only approximated

variances are included in the background weighting matrix. The weighting factors Wp and Wv are

diagonal weighting matrices and their values are determined empirically.



c. The numerical forecast model and its adjoint

The PSU/NCAR mesoscale forecast model (MM5) and its adjoint system are used in this

study. The MM5 is a limited-area, non-hydrostatic primitive equation model with multiple

options for various physical parameterization schemes (Dudhia 1993; Grell et al. 1995). The

model employs a terrain-following o" vertical coordinate, where cr is defined as

o" = (p-P,op )/(Psfc- P,op), p is pressure, and Ps,c and p,,p are the pressures at the surface and

model top, respectively. Physics options used for this study include the Betts-Miller cumulus

parameterization, a simple ice microphysics scheme (Dudhia 1989), the Blackadar high-

resolution planetary-boundary layer parameterization scheme (Blackadar, 1976, 1979; Zhang and

Anthes 1982), and the cloud atmospheric radiation scheme (Dudhia 1993). The land surface

temperature is predicted using surface energy budget equations as described in Grell et al.

(1995). For a more detailed description of MM5, the reader is referred to Dudhia (1993) and

Grell et al. (1995).

The MM5 adjoint modeling system (Zou et al. 1998) is employed in the data assimilation

experiment. For the variational data assimilation system, physics options are limited to the Kuo

cumulus parameterization and a simple bulk-aerodynamic planetary boundary layer scheme.

Application of the MM5 adjoint model tO a variety of mesoscale weather systems has been

demonstrated in papers by Zou et al. (1995), Kuo et al. (1996), and Zou and Xiao (2000).

3. Summary of Hurricane Georges (1998)

Georges was the second deadliest and second strongest hurricane within the Atlantic
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basinduring the 1998season.Duringits 17-daylifetime (15September- 01October),it resulted

in multiple landfalls,extendingfrom thenortheasternCaribbeanto the coastof Mississippi,and

602fatalities,mainly in theDominicanRepublicandHaiti.

Becauseof an interest in examining the landfall of Georgesin Puerto Rico and

Hispaniola,1200UTC 21September1998wasselectedastheinitial time for simulation.At this

time, Georgeswaslocatedovertheoceanto theeast-southeastof PuertoRico (Fig. 1)andwasa

mature category 2 hurricane basedon the Saffir-Simpson intensity scale, having recently

weakenedfrom a category4 intensity. Georgeseyewall made landfall in Puerto Rico with

sustainedsurfacewinds in excessof 50 m s" late on the21s'.The hurricanemovedinland over

PuertoRico, weakenedslightly, andthenmovedinto the MonaPassageearlyon the 22"J,where

it re-intensifiedslightly before makinglandfall later that morning in the Dominican Republic

with estimatedsustainedsurfacewindsof 54m s". During thenext21 h, Georgeweakenedasit

moved slowly acrossthe mountainousterrain of the DominicanRepublic and Haiti, where it

produced copious rain, deadly flash floods, and mud slides. The system moved into the

WindwardPassageon themorningof the23r_with maximumsustainedwindsreducedto 33 m s-

_.Georgeschangedlittle beforemakinglandfall in easternCubalater thatafternoon(Fig. 1).

4. Evaluation of the variational bogus vortex scheme

a. Experimental design

For the experiments, two horizontal grids are used, a fixed outer domain A, with a 36-km

grid spacing, and a nested, movable inner mesh B with a 12-km grid spacing (Fig. 1). The model

vertical structure is comprised of 27 cr levels with the top of the model set at a pressure of 50
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hPa.The cr levels are placed at values of 1.0, 0.99, 0.98, 0.96, 0.93, 0.89, 0.85, 0.81, 0.77, 0.73,

0.69, 0.65, 0.61, 0.57, 0.53, 0.49, 0.45, 0.41, 0.37, 0.33, 0.29, 0.25, 0.21, 0.17, 0.13, 0.09, 0.05,

and 0. The assimilation of the bogus vortex information is applied only to the 36-km domain. At

the end of the assimilation window (30 rain), the 12-km nest is initialized by interpolation (see

Grell et al. 1995) of all prognostic variables from the 36-kin mesh using a monotonic

interpolation scheme based upon Smolarkiewicz and Grell (1992). All figures present results

from the 12-km grid.

Initial conditions for the 36-km domain, prior to assimilation, are derived from 12-h

European Center for Medium-Range Forecasts (ECMWF) analyses archived at NCAR. Analysis

fields, including temperature, relative humidity, geopotential height, and winds at mandatory

pressure levels and with horizontal resolution of 2.5°x2.5 °, are interpolated horizontally to

model grid points. These interpolated analyses are refined by adding information from standard

twice daily rawinsondes and 3-hourly surface and buoy reports using a Barnes objective analysis

technique (Manning and Haagenson, 1992). Final analyses are then interpolated to the model cy

levels. Figure 2a shows the ECMWF analysis fields of sea-level pressure and 850-hPa wind

vectors and wind speed at 1200 UTC 21 September 1998. At the time, Hurricane George was a

category 2 hurricane, but the ECMWF analysis shows only a weak pressure minimum (about

1008 hPa) and a broad wind speed maximum to the northeast of the center.

Several experiments are conducted using the variational bogus vortex scheme. The

distribution of sea-level pressure in each case is specified following Holland's (1980) hurricane

pressure profile (Eq. I) assuming a central pressure ofpc=966 hPa, a center location at 17.4 ° N,

-1

63.6 ° W, an ambient pressure ofp,-1010 hPa, a maximum surface wind speed of V,,= 48.9 m s ,
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and a radiusof maximumsurfacewind Rm= 40 km (estimated from airborne radar). The bogus

information extends out to a radius of 300 km. A control simulation is performed in which no

bogus vortex is included in the initial conditions. Three experiments are conducted that vary the

information assimilated into the model:

Exp.l: Similar to Zou and Xiao (1999), only bogus sea-level pressure data is

assimilated into the mesoscale model, i.e., J = J, + Jb.

Exp.2: Only bogus wind data is assimilated into the mesoscale model, i:e.,

J=J2+ Jb.

Exp.3: Both wind and sea-level pressure data are assimilated into the model, i.e.,

J = JJ + J2 + Jb.

In experiments 2 and 3, the surface wind is specified by the relationship in (2) and extended into

the vertical according to (4) with the following vertical profile, F(o')=I.0, 0.95, 0.85, 0.65, 0.35,

0.15 for ty= 0.9, 0.75, 0.5, 0.4, 0.3, 0.15, respectively, and 0 above 0.15.

Similar to Zou and Xiao (2000), the specified sea-level pressure information are

assimilated every 5 min within a 30-min window. The wind information is assimilated every 10

min in this 30-min window. This method assumes that the tendencies of surface pressure and

wind are near zero during this half hour. Zou and Xiao (2000) indicated that such constraints can

be incorporated by adding a penalty term to the cost function (Zou et al. 1992, Zou et al. 1993).

a. Numerical Results

i) Initial Vortex

For the assimilation experiments, minimization of the cost function generally converges
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in about30 iterations.In orderto comparetheexperimentsequally,the minimization is stopped

after 30 iterationsfor all experiments.During the minimization procedure,the assimilation

variables(sea-levelpressureand]orwinds) are forcedtoward the bogusinformation,while all

othervariables(e.g.,temperatureandmoisture)arefreeto develop in a model-consistent manner.

The improvement in the structure of the initial vortex is apparent after the assimilation

procedure. Figure 2 shows the distribution of the initial sea-level pressure, wind speed and wind

vectors at 850 hPa before (Fig. 2a) and after data assimilation (Figs. 2b-d). The vortices after

variational data assimilation are more intense than the vortex in the global analysis. The winds

show a more realistic distribution and maximum winds occur closer to the vortex center.

Although a symmetric surface low (and/or wind field) is assimilated during the minimization

procedure, the resulting wind speed distribution includes an asymmetric structure in all three

assimilation experiments. A vortex flow is also generated above the surface for all experiments

(e.g., Fig.4b).

In order to show that the proposed scheme produces initial fields that realistically

resemble three-dimensional structures of hurricanes, we show the distributions of the zonal wind,

meridional wind, potential temperature, and the water vapor mixing ratio through the center of

the vortex prior to assimilation (Ctrl, Fig. 3) and after assimilation (Exp. 3, Fig. 4). Without the

bogus vortex, the zonal and meridional flow patterns (Figs. 3a, b) indicate easterly flow across a

broad, weak vortex. Potential temperature and moisture perturbations are small (Figs. 3c, d). In

contrast, the initial vortex generated by the 4-D VAR technique reproduces many features of

mature hurricanes, including low-level inflow and upper-level outflow (Fig. 4a) and a strong

13



tangentialcirculation (Fig. 4b). Although only bogussea-levelpressureand wind datawere

specified, the temperatureand moisture fields are also adjustedwith a warm core feature

appearingduring the assimilationprocess.Similar featuresfor thesefields are found in Exp. 1

andExp. 2,but theamplitudesvary.

Significantdifferencesare seenbetweenthe experimentsin the vertical velocity fields

(Fig. 5). In the absenceof the bogus vortex, subsidenceoccurs in the area of the observed

hurricanewith very weak upward motion at larger radii. With assimilationof the sea-level

pressuredataonly (Exp. 1,Fig. 5b),very strongupwardverticalmotion occursnearthehurricane

center. This strong vertical motion decreaseswhen the wind data are introduced in the

assimilationprocess(e.g., Exp. 3, Fig. 5d). By assimilatingwind data only, upward vertical

motion appearsstrongonly at upper levels. In eachcase,the strongestupwardmotionsoccur

nearthecenterof thestorm,unlike observedvertical motionsin hurricanesin which theupward

motion is displacedfrom thecenterin the form of aneyewall. This simulatedstructureresults

from thefactthat the36-kmhorizontalgrid spacingis incapableof resolvingtheeyewallandeye

(in this case,the distancebetweenone side of the eyewall,acrossthe eye, to the othersideis

effectively threegrid points).While the initial vertical motionstructureis not fully adequate,the

upwardmotionsobtainedfrom the forecaston the 12-kmgrid very rapidly shift away from the

centerto form arealistic looking eyewall(notshown).Thus,aswill beshownin thenextsection,

inadequaciesin the initial verticalmotionsarenot necessarilydetrimentalto theforecast.

2) Forecast Impacts

Figure 6 shows the simulated tracks compared to the observed track of Oeorges. All of

the simulations produce tracks that are to the right of the observed motion. The two cases for
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which boguspressurefields areassimilated(Exp. 1 andExp. 3) showimprovedskill over the

controlsimulationandthecaseinvolving assimilatedsurfacewindsonly (Exp.2). Experiments1

and3 providenearlya 30%improvementin the track forecast,but still lack a critical aspectof

Georgesdevelopment--its direct interaction with the orography of Puerto Rico and the

DominicanRepublic.

Figure 7 showsthetemporalvariationsof the minimumsea-levelpressure(or hurricane

centralpressure,Fig. 7a)and maximumwinds at the lowestmodel level (Fig. 7b). The results

suggestsignificantimprovementin both thepressureandwind forecastswhenbogusvorticesare

introduced into the initial conditions.However, there are marked differencesbetween the

experiments.In Exp. I, in which only bogus pressureinformationwas used,a dramaticspin

down of the stormoccurswithin the first 6 h of the forecast,after which the caseshowsonly

marginalimprovementover thecontrol simulation.In Exp. 2, in which only bogussurfacewinds

wereused,thewind forecastis quite reasonable,but theminimum pressuretime seriessuggests

an inadequateadjustmentof the initial pressurefield anda subsequentpressureforecastthat is

often up to 10-20hPa in error. Experiment 3, which usesboth bogus pressureand wind

information,providesthebestforecast.The minimumcentralpressureandmaximum winds are

-I

generally within 5-10 hPa and 5 m s , respectively, of the observed values. In particular, note

that the pressure rises and falls are comparable in behavior to the observed tendencies. While the

observed movement of George over the island led to rapid weakening of the storm after 24 h, the

more northward movement of the storm in Exp. 3 leads to less weakening.

The forecast results in experiments 1 and 2 indicate very different model responses to the

separate assimilation of surface pressure and winds. Figure 8 shows the vector wind differences
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betweentheexperimentsand thecontrol simulationaswell asthedivergence field. When only

bogus surface pressure information is simulated (Exp. 2), the response in the wind field is

contained largely within the divergent component of the wind, with strong convergence leading

to strong upward motion in the center, as noted in Fig. 5b. In contrast, assimilation of only the

bogus surface wind information (which are non-divergent) leads to an expected dominance of the

rotational component of the wind field and a weakly convergent flow near the eye. Only when

both the bogus surface pressure and wind information are assimilated together does the model

produce a strong rotational and convergent wind field.

The improvement of the forecast obtained by using bogus pressure and wind information

is demonstrated in Fig. 9, which shows forecasted 6-h precipitation accumulation for the control

case and Exp. 3. In the control simulation (Fig. 9a), the vortex is weak and light precipitation

covers a broad area to the north and east of the center. In Exp. 3 (Fig. 9b), intense precipitation

occurs on the eastern side of the vortex with much lighter precipitation on the western side. Outer

convective bands are seen well to the east of the center. Figure 9c shows the distribution of radar

reflectivity from the lower-fuselage radar of the National Oceanic and Atmospheric

Administration (NOAA) WP-3D reconnaissance aircraft at 1742 UTC 21 September,

approximately 18 min prior to the time of Fig. 9b. The radar data indicate a qualitatively similar

distribution of precipitation, with maximum rainfall on the eastern side of the storm center. The

results show that the assimilation of the bogus pressure and wind fields leads not only to

adjustments to those particular fields in the initial conditions, but also to significant adjustments

to other fields such as moisture. Furthermore, despite the assimilation of axisymmetric

distributions of pressure and wind, realistic asymmetries are produced for this case by the 4-D
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VAR system.

5. Effects of vortex size

In the previous experiments, the bogus vortex was specified according to the observed

size of the hurricane with a radius of maximum winds comparable to the model grid spacing. In

this section, we explore the sensitivity of the assimilation and forecast to the size of the bogus

vortex by specifying a vortex that is resolved better by the 36-km grid spacing. Two experiments

are performed.

Exp. 4: Same as Exp. 1, except the radius of maximum winds is set to 120 km,

instead of 40 km.

l_xp. 5: Same as Exp. 3, except the radius of maximum winds is set to 120 km.

Similar to experiments 1 and 3, reasonable initial vortex structures appear after data

assimilation in experiments 4 and 5. To illustrate the changes caused by the increased size of the

vortex, Fig. i0 compares the wind speed for experiments 3 and 5. In Exp. 3 (Fig. lOa), the radius

of maximum winds is small and the model is unable to resolve the weak horizontal motions that

should be present in the eye. In contrast, in Exp. 5 (Fig. 10b), the vortex is sufficiently large that

the wind speed minimum in the eye is resolved.

Comparison of the vertical motions in Exp. 4 (Fig. 11a) with Exp. 1 (Fig. 5b) shows that

even with the larger vortex, assimilation of pressure information only leads to strong upward

motion near the center. In contrast, Fig. 1 lb shows that assimilation of both pressure and wind

information associated with the larger vortex results in weaker vertical motion. In Exp. 3 (Fig.

5d), the upward motion was strongest near the center, which was attributed to inadequate
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horizontalresolution.In Exp. 5 (Fig. 1lb), upwardmotionis locatedto the east of the center with

a suggestion of weak upward motion to the west and weak downward motion near the center

below 350 hPa. Thus, when the vortex is sufficiently large for it to be resolved on the horizontal

grid, more reasonable vertical motion patterns are obtained.

The impact of vortex size on forecasts of track and intensity are shown in Figs. 12 and 13.

The simulated intensity in Exp. 4 is slightly better than in Exp. 1, but similar to Exp. 1, the initial

vortex spins down very quickly at the beginning of the forecast integration (Fig. 13). The results

for Exp. 5 show that both the track and intensity forecasts are improved tremendously. In

particular, about 70% of the track error is reduced (Fig. 12) and the intensity forecast catches

most features of the observed intensity changes. The two landfalls of Hurricane Georges during

this period are well predicted. The temporal variations of central sea-level pressure agree well

with the observations (Fig. 13a) except for showing less of a rise in the final 12 h. This error may

be due to the lack of high-resolution terrain information in the model. The forecast impacts

suggest that using a vortex that is larger than observed may not be detrimental to the simulation,

but in fact can provide improved results as the vortex is resolved better on the model horizontal

grid.

6. Hurricane Bonnie (1998)

The experiments for Hurricane Georges show that the bogus vortex technique can work

well for a relatively steady hurricane, but how well can it work for rapidly deepening storms? In

this section, the bogusing technique is applied to the case of Hurricane Bonnie (1998) just prior

to its rapid intensification. Bonnie became a hurricane around 0000 UTC 22 August 1998. By
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0600UTC, reconnaissanceaircraftdetectedanearlycompleteeyewallandflight-level windsup

to 39 m s". Over the next two days,Bonnie moved northwestward(Fig. 14) and developed

maximumwindsof 51 m s" and a minimum pressure of 954 hPa.

Because of our interest in the rapid deepening of the hurricane, 0000 UTC 22 August is

selected as the initial time for simulation. The experiment configuration is similar to Exp. 5 for

Hurricane George in which both bogus surface pressure and wind information are assimilated for

a vortex with radius of maximum winds of 120 km. The model includes an outer domain with

36-km grid spacing (domain C in Fig. 14) and a movable, nested domain with 12 km grid

spacing (domain D in Fig. 14). Assimilation of the bogus vortex is performed only for the 36-km

domain while initial conditions for the 12-kin grid are interpolated from the coarser domain. The

parameters defining the bogus vortex are the follows: pc=991 hPa at the hurricane center (21.1 °

N, 67.3 ° W), p,=1012 hPa, V,,= 33.5 m s-', and R,,=120 km. The bogus information extends out to

a radius of 300 kin.

Two experiments are conducted, one without (Ctrl) and one with (Exp. 6) the bogus

vortex. Assimilation of the bogus vortex information is stopped after 30 iterations. Figure 15

shows the simulated tracks compared to the observed track of Bonnie. Without the bogus vortex,

the control experiment shows significant errors in the initial position of the storm and a much too

rapid movement to the northwest. Assimilation of the bogus information corrects the initial

position error, reduces the subsequent track error, and even captures some of the slowing down

of the storm late in the forecast period.

Figure 16 shows the temporal variations of the minimum sea-level pressure (Fig. 16a)

and maximum wind at the lowest model level (Fig. 16b). Clearly, with assimilation of the bogus
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vortex, the simulation is better able to reproducethe reductionof the central pressureand

increaseof surfacewind speed.However,the simulatedintensificationis slower thanobserved.

Thisresultsuggeststhat,in additionto possibledeficienciesin themodelphysics,the inability of

the model to exactly capture the very rapid intensification of Bonnie may be the result of

inadequaciesin thesynoptic-scaleconditionsor themesoscalestructureof the initial vortexand

highlights thepotentialrole that satelliteremotely senseddatacanplay in improvinghurricane

forecasts.Assimilation of cloud and vapor tracked winds and precipitable water from

geostationarysatellites may provide improvements to synoptic-scalefields while rainfall

information from the Special Sensor Microwave/Imager (SSMB) and Tropical Rainfall

MeasuringMission(TRMM) satellitesoffer potentialimprovementsto mesoscalestructure.

Thecontributionof thebogusvortex to thesimulatedprecipitationis indicatedin Fig. 17,

which showsthe forecasted6-h accumulatedprecipitationat 2000UTC 23 August (hour44 of

the forecast)for the control caseandExp. 6. A correspondingradarreflectivity patternfor the

period 1950-2018UTC from NOAA reconnaissanceaircraft is shown in Fig. 17c.Both the

control forecastand Exp. 6 develop heavy precipitation on the easternside of the storm,

comparable to observations.In the control forecast, the heavy precipitation is located

approximately2° of longitudeawayfrom the centerwhile for Exp. 6, theheavyprecipitationis

within 1olongitudeof thecenter,in muchbetteragreementwith observations.

7. Conclusions

The effectiveness of 4-D VAR techniques for creating "bogus" vortices in numerical

simulations of hurricanes is examined by using the Penn State/NCAR nonhydrostatic mesoscale
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model (MM5) and its adjoint system.The variational bogus vortex schemeis applied to

simulationsof HurricaneGeorges(1998)usingthreedifferentmethodologies:1)assimilationof

bogus sea-levelpressureinformation only, 2) assimilationof bogus wind data only, and 3)

assimilationof bothboguswind andsurfacepressuredata.Thebogusvortexdataareassimilated

within a 30-min assimilationwindow in order to generatethe initial vortex for subsequent

forecasts.The experimentssuggestthat assimilationof both pressureand wind information

providesthe bestresults.With assimilationof sea-levelpressuredataonly, the responseof the

horizontalwind field is dominatedby thedivergentcomponentof thewind suchthat themodel

generatesaninitial vortexwith very strongupwardverticalmotion at thecenter.Theintensityof

this vortexdecreasesveryrapidly within thefirst 6 h of the simulation.With assimilationof the

wind data only, the responseof the horizontal wind field is dominatedby the rotational

componentof the wind andvertical motionsnearthecenteraresignificantly reduced.However,

the adjustmentof the pressurefield is inadequateandcontributesto a poor forecastof storm

intensity. With assimilationof both pressureand wind data, the responseof the wind field

containsboth strong rotationaland divergentcomponents.The central pressureand maximum

wind forecastsarein goodagreementwith observations.

During the data assimilationperiod,even though only sea-levelpressureand/or wind

informationis included,otherprognosticvariablessuchastemperatureandmoistureareadjusted

in a mannerconsistentwith the modelresolutionandphysics.The vortex generatedby the4-D

VAR techniquereproducesmanyof thestructuralfeaturesof hurricanesincluding radial inflow

and outflow andthe warmcore.Thepatternof forecasted6-h accumulatedrainfall derivedfrom

the bogus vortex is in good agreementwith radar observations,indicating a reasonable
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FigureCaptions

Figure 1.Locationof themodeldomainsfor HurricaneGeorges(1998).DomainA is the36-km

grid anddomainB is the nested,12-kmgrid usedin theforecast.DomainB is movedduring

the simulationfrom B 1 to B2. Estimatesof the centerlocation at 6-h intervals from the

HurricaneResearchDivision (HRD) of NOAA aremarkedby circles.The period included

in thesimulationis markedby theboldsegmentof thetrack.

Figure2. Distributionsof thesea-levelpressure(thin dashedline, 4 mb interval),horizontalwind

-I

vectors and wind speed (thick solid line, 5 m s interval) at 850 hPa at the end of the

assimilation window (30 rain), a) ECMWF analysis without the bogus vortex (Ctrl), b)

assimilation of surface pressure only (Exp. 1), c) assimilation of wind data only (Exp. 2),

and d) assimilation of both pressure and wind data (Exp. 3).

Figure 3. East-west cross sections through the center of the vortex (17.4 ° N, 63.6 ° W) at 30 rain

-I

for the control run. a) Zonal wind (u, 2.5 m s contour interval), b) meridional wind (v, 5 m

s-' interval), c) potential temperature (0,4 K interval), and d) water vapor mixing ratio (q,, 2

-1

g kg interval).

Figure 4. Same as Figure 3, but for Exp. 3.

Figure 5. East-west cross sections of vertical velocity through the center of vortex (17.4 ° N,

63.6 ° W) at 30 min for a) ECMWF analysis, b) Exp. 1, c) Exp. 2, and d) Exp. 3. The contour

S -I S -Iinterval is 2.5 cm for (a) and 50 cm for (b-d).

Figure 6. Forecasts of hurricane track for the control run and experiments 1-3 compared to the

observed track. Center locations along the tracks are indicated every 6 hours.
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Figure 7. Time series(at 6-hour intervals) of a) minimum sea-levelpressure(hPa) and b)

maximumwinds(m s_) atthe lowestmodellevel (o.=0.995,approximately50m).

Figure 8. Vector wind differencesbetweenthe control simulation and experiments1-3at 850

hPa,for (a) Exp. 1,(b) Exp. 2, and(c) Exp. 3. The shading indicates horizontal divergence

with light shading indicating values less than -10 .4 s _ and dark shading indicating values less

than -6× 10.4 s _.

Figure 9. Accumulated rainfall (shaded contours), sea-level pressure (solid line, contour interval

4 hPa) and wind vectors at lowest o. level at 6 h into the forecast valid at 1800 UTC 21

September for a) the control simulation and b) Exp. 3. c) Radar reflectivity pattern from the

lower fuselage of the NOAA P-3 reconnaissance aircraft valid at 1754 UTC 21 September.

Figure 10. East-west cross sections of wind speed through the center of vortex (17.4 ° N, 63.6 °

W) at the end of the assimilation window (30 min) for a) Exp. 3 and b) Exp. 5. The contour

-Iinterval is 5 m s .

Figure 11. East-west cross sections of vertical velocity through the center of vortex (17.4 ° N,

63.6 ° W) at the end of the assimilation window (30 min) for a) Exp. 3 and b) Exp. 5. The

-I

contour interval is 50 cm s .

Figure 12. Forecasts of hurricane track for the control run and experiments 4 and 5 compared to

the observed track. Center locations along the tracks are indicated every 6 hours.

Figure 13. Time series (at 6-hour intervals) of a) minimum sea-level pressure (hPa) and b)

maximum winds (m s_) at the lowest model level (o'=0.995, approximately 50 m).

Experiments 1 and 4 involve assimilation of sea-level pressure data only, while experiments

,_ and 5 involve assimilation of both pressure and winds.
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Figure 14. Location of the model domains for the simulation of Hurricane Bonnie (1998).

DomainC is the 36-kmgrid anddomainD is the nested12-kmgrid usedin the forecast.

DomainD is movedduring thesimulationfrom DI to D2. Estimatesof thecenterlocationat

6-h intervalsaremarkedby circles.The minimum sea-levelpressure(hPa)and maximum

surfacewind (m s") areshow insidethebrackets.The period includedin the simulationis

markedby thebold segmentof thetrack.

Figure 15.Forecastsof hurricanetrack for thecontrol run andExp. 6 comparedto theobserved

track.Centerlocationsalongthetracksareindicatedevery6hours.

Figure 161Time series (at 6-hour intervals)of a) minimum sea-levelpressure(hPa)and b)

maximum winds (m s') at the lowest model level (0"=0.995, approximately50 m) for

controlsimulationandExp.6 comparedto obserations.

Figure 17. Six hour accumulatedrainfall (shadedcontours), sea-levelpressure(solid line,

contourinterval4 hPa)andwind vectorsat lowest 0" level at 44 h into the forecastvalid at

2000 UTC 23 August for a) thecontrol simulation and b) Exp. 6. c) Radarreflectivity

patternfrom thelower fuselageof theNOAA P-3reconnaissanceaircraftvalid at 1956UTC

23August.
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